Sakai et al. 9 have explored the photoelectrochemical properties of protonated Mn oxide nanosheets prepared by delaminating a product resulting from acid digestion of layer type K 0.45 MnO 2 . 1 These protonated nanosheets, derived from a product which contained approximately 3 mol % vacancies (H 0.13 [Mn(IV) 0.97  0.03 ]O 2 , mean Mn oxidation number 3.87 1 ), generated photocurrents under visible light radiation (λ < 500 nm). 9 The band gap energy was estimated to be 2.23 eV from the excitation wavelength dependence of the incident photon-toelectron conversion efficiency, which was 0.16 % at 400 nm for a monolayer film. Sakai et al. 9 speculated that nanosheet thickness (< 1 nm) plays a significant role in facilitating photocurrent (Table 1 ).
Protonated Mn vacancies in Mn(IV) oxides are known in the literature as Ruetschi defects. 8 More specifically, the Ruetschi defect is a Mn(IV) vacancy coordinated with four protons on the O ions around the vacancy to form structural OH groups. Balachandran et al. 10 have reviewed the properties of Ruetschi defects and examined their impact on the structures of a number of MnO 2 polymorphs, including a layer type variety. Using DFT with electron correlations accounted for in the generalized gradient approximation, they found that a Ruetschi defect tends to stabilize MnO 2 polymorphs, especially those with more "open" structures, which feature tunnels formed by chains of edge-sharing octahedra linked by shared corners (e.g. ramsdellite 11 ). This allows the Ruetschi protons to avoid Mn and one another while bonding covalently with the O atoms near a vacancy site. A similar defect in TiO 2 , i.e. a Ti(IV) vacancy charge-compensated with four protons, has also been predicted to be a stable entity. 12 In the present study, we investigated the comparative impact of the Ruetschi defect on the structure and electronic properties of nanosheet MnO 2 bearing 0.033 and 0.125 Mn vacancies per octahedron.
We have geometry-optimized vacancy-free MnO 2 and its supercells containing the Ruetschi defect using DFT with two different electron-correlation methods: local density approximation (LDA) and generalized gradient approximation (GGA (Fig. 3) . In X-ray photoelectron spectroscopy (XPS), spectral splitting of Mn-3s has been used to identify formal Mn valence states. 16 The Mn-3s splitting originates from exchange interactions between Mn-3s and Mn-3d electrons, as well as from intrashell electron-correlation and charge-transfer effects. 17 According to the DFT 5 calculations, Mn-3s states were strongly polarized, and the splitting between spin-up and spindown states of Mn-3s (ΔE Mn3s ) corresponds to the Mn-3s spectral splitting measured by XPS.
The GGA results underestimate ΔE Mn3s , but in a systematic way when compared to the experimental Mn-3s splitting 16, 18, 19 (Fig. 3) . The calculated ΔE Mn3s are 3.9 eV for vacancy-free The PDOS of the Ruetschi-defected MnO 2 (Fig. 4) shows that the Ruetschi defect substantially changes electronic structure near the band gap. Although O-2p and Mn-3d
hybridization occurs similarly to that in vacancy-free MnO 2 , it decreases the band gap energy would have an indirect band gap (see Fig. 2 ) and light absorption would therefore typically be weak. Thus, our finding of band gap energy reduction by a Ruetschi defect suggests that photoinduced electronic transitions by nanosheet MnO 2 can be optimized by the control of defect rates during the synthesis of these materials.
METHODS
All first-principle calculations were performed using CASTEP code 22 
